ABSTRACT. A systematic study of Knoevenagel reaction and Nazarov cyclization was made on variety of less reactive carbonyl compounds such as β-ketoesters, 1,3-diketones and cyclic active methylene compounds using Yb(OTf)3 as the catalyst. Recycling study confirms reusability of the catalyst without much loss of activity.
Highly substituted α,β-unsaturated olefins obtained via Knoevenagel condensation are key intermediates for various reactions and have been extensively used in the synthesis of valuable compounds. [1] [2] [3] [4] Identification of diethylamine as a catalyst, first by Knoevenagel, 5 paved way for the development of a large number catalysts, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and conditions. 19 and MgBr 2 34 are known as LA catalysts. Some of these LAs need to be used in more than stoichiometric quantity 35 and catalyst like Mg(ClO 4 ) 2 needs MgSO 4 as additive. 18 The presence of adventitious water as well as water generated during the course of the reaction generally degrades some of these conventional LAs, and renders it non reusable one and leads to generation of pollutants. In almost all of the LA mediated Knoevenagel condensations, only highly reactive carbonyl compounds such as malanonitrile, cyanoacetates and malonates are used as substrates. Mg(ClO 4 ) 2 , a potential explosive material, has been used as LA for the reaction on less reactive carbonyl compounds such as β-ketoesters and 1,3-diketones.
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Indanone ring systems is an important building block for the synthesis of biologically active compounds.
36 LA catalysts such as Sc(OTf) 3 -LiClO 4 , 37 SnCl 4 38 AlCl 3 -Nfluorobenzenesulfonamide 39 and Cu(OTf) 3 -N-fluorobenzenesulfonamide 40 are known to catalyse Knoevenagel condensation followed Nazarov cyclization between less reactive alkyl benzoylacetate and an aromatic aldehyde to give the indanone ring system and its derivatives. However, there are drawbacks such as the use of additives and more than stociometric quantity of the reagent. This suggests that there is a need for the development of novel LA catalysts which could work on less reactive carbonyl compounds.
Lanthanide triflates, (Ln(OTf) 3 ) 41, 42 are new generation, water compatible green LAs which can be recovered almost quantitatively and reused without much loss of activity. Based on our previous experience [43] [44] [45] we feel that the hard Lewis acidic lanthanide triflates must be useful for Knoevenagel reaction on less reactive carbonyl compounds. Thus we observe successful condensation of 2-nitrobenzaldehyde (1e) as well as 2-chlorobenzaldehyde (1f) with ethyl acetoacetate (6a), in the presence of Yb(OTf) 3 to get alkylidene β-ketoesters 7c and 7d respectively, which are useful intermediates for the synthesis of calcium channel blockers amlodipene and nifedipine (Table 3) .
During the course of this study we noticed that there is a short report on the use of Yb(OTf) 3 as a catalyst for Knoevenagel reaction. 46 However, the study involves only two highly reactive carbonyl compounds, malanonitrile and ethyl cyanoacetate, and among the various lanthanide triflates, only Yb(OTf) 3 was examined as the catalyst. Similarly, Yb(OTf) 3 was used in coupling reaction between alkynes and aldehydes to give trans-α,β-enones 47 and in coupling of 8-hydroxyquinoline with aldehyde for the synthesis of alkaloids. 48 However, there was no systematic study on using Yb(OTf) 3 as a catalyst for Knoeve-nagel adduct formation between less reactive carbonyl compounds and aromatic aldehydes of varied reactivity. To the best of our knowledge, there is no report on the use of Yb(OTf) 3 as a catalyst for Nazarov cyclization. Here in we report our results.
To identify the best catalyst, Knoevenagel condensation was studied between a more reactive carbonyl compound, ethyl cyanoacetate (2b) and 4-methoxy benzaldehyde (1b) using different lanthanide trifltes, Nd(OTf) 3 , Sm(OTf) 3 , Gd(OTf) 3 and Yb(OTf) 3 . This covers low to high Lewis acidity range of lanthanide triflates. The results are summarized in Table 1 . With Yb(OTf) 3 (10 mol%) in toluene, at 110 ºC, the adduct 3d was obtained, after 12 h, only in traces. With benzene, CH 2 Cl 2 , CH 3 CN and CH 3 NO 2 as the solvent, the yield was not impressive.
However, when the reaction was carried out at 80-85 ºC, without any solvent, for 6 h, the desired adduct 3d was obtained in good yield (Table 1) . Among the catalysts, Yb(OTf) 3 gave high yield of the product in short time. With 5 mol% of the catalyst it took more time for completion (11 h, entry 5). Thus the use of Yb(OTf) 3 (10 mol%) as the catalyst at 80-85 °C , without solvent was identified as the best condition for further study. In order to check reusability of the catalyst, it was recovered from aqueous workup and reused for the same reaction. The catalyst could be recovered up to 98% and the product yield was almost the same for the second (94%), third (93%) and fourth (93%) time. To establish the generality and scope of the method, further study on different active methylene compounds was carried out.
Excellent yield to very high yield of the Knoevenagel adduct was obtained on reaction of malanonitrile (2a), ethyl cyanoacetate (2b) with aromatic aldehydes (1a-f) containing electron donating as well as withdrawing substituents (entry 1-8, Table 2 ). In case of diethyl malonate (2c), aromatic aldehydes containing electron donating 4-OMe and 2-Cl substituent (entry 9 and 12) reacted fast compared to electron withdrawing 4-NO 2 and 2-NO 2 (entry 10 and 11) substituent. Overall the product yield was high. Comparison of reaction time between malononitrile (2a, 2 h) ethyl cyanoacetates (2b, 10 h) and diethyl malonate (2c, 30 h) especially, towards 4-NO 2 benzaldehyde (entry 2, 6 and 10) clearly shows that compound 2a is more reactive under Knoevenagel reaction conditions. Comparison of reaction time 6 h and 30 h for 1b and 1d (entry 9 and 10) respectively clearly shows that the aldehydes with electron donating substituent get activated easily by Yb(OTf) 3 compared to electron withdrawing substituent. Only a single geometrical isomer was obtained.
As a part of exploiting this methodology towards the synthesis of some biologically active compounds we carried out formal synthesis of antibacterial agent, trimethoprim (Scheme 1). Reaction of 3,4,5-trimethoxybenzaldehyde (1h) and ethyl cyano acetate (2b) gave the adduct 3m in quantitative yield. Compound 3m on reduction with Hantzch ester in the presence of silica gel, in toluene led to saturation of double bond and the product 4 was condensed with guanidine [49] [50] [51] by literature procedure to get trimethoprim 5. This is an easy and convenient method for the preparation of Trimethoprim.
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Having got good yield of Knovenagel adduct with highly reactive carbonyl compounds, we turned our attention towards less reactive carbonyl compounds such as Journal of the Korean Chemical Society ethyl acetoacetate (6a) and acetyl acetone (6b). Gratifyingly, the reaction between ethyl acetoacetate (6b) and 2-NO 2 (1e) benzaldehyde took place readily to give products 7b respectively in very good yield (entry 2, Table 3 ). However aldehyde with 4-NO 2 (1d) and 2-Cl (1f) substituent reacted only slowly and the reaction was stopped after 15 h.
Geometrical isomers were formed in case of condensation between ethyl acetoacetate (6b) and aromatic aldehydes. The reaction between ethyl acetoacetate (6a) and 4-NO 2 -benzaldehyde (1d) gave product 7a containing a mixture of E:Z geometrical isomers in the ratio 6:1. However, 2-NO 2 -benzaldehyde (1e) and 2-Cl-benzaldehyde (1f) gave products 7b and 7c containing E:Z isomers in the ratio 5:5. Compound which shows lower δ value for COCH 3 protons were assigned as E isomer, where COOC 2 H 5 is trans to the aromatic ring and the other compound as Z isomer. The lower δ value for COCH 3 protons could be attributed to the effective shielding by benzene ring which is positioned cis to COCH 3 group. With acetyl acetone (6b) and 4-OMe benzaldehyde (1b), Knoevenagel adduct 7d was obtained in good yield. However, in case of 4-NO 2 -benzaldehyde (1d) containing strong electron withdrawing substituent, the reaction was slow. This observation testifies that Yb(OTf) 3 can even catalyse Knoevenagel reaction on less reactive active methylene compounds such as β-keto esters and 1,3-diketo compounds.
It is interesting to note that with the carbonyl compounds such as ethyl cyanoacetate (2b), diethyl malonate (2c) and ethyl acetoacetate (6a), the 2-nitro benzaldehyde (entry 7 and 11 in Table 2 and entry 2 in Table 3 ) gave high yield of the desired product, despite taking long reaction time. However, this is not the case with aromatic aldehydes substituted with similar electron withdrawing, 4-NO 2 or 2-Cl, substituents (entry 6, 8, 10, 12, Table 2 and entry 1 Table 3 ). This shows that the presence of 2-NO 2 group adjacent to aldehyde must be helpful in forming a complex with Yb(OTf) 3 and activation of the aldehyde group. The slow reaction rate may be due to, the lone pair of electrons from nitro group oxygen and the aldehyde oxygen forming a chelated complexes with Yb(OTf) 3 . Comparison of previous reports on Knoevenagel reaction reveals that in general under Lewis acid catalyzed conditions 9,18,52 aromatic aldehydes substituted with electron donating substituents react readily where as reverse is true with basic compounds as catalysts.
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With a less reactive carbonyl compound, ethyl benzoylacetate, aromatic aldehydes underwent Knoevenagel condensation followed by cyclization in a tandem Nazarov reaction to give indanone ring system in a one pot procedure (entry 1-4, Table 4 ). Benzaldehyde (1a, entry 1) and 4-NO 2 benzaldehyde (1d, entry 3) gave the cyclized indanones (10a and 10c) as the only product in very good yield. However, 4-OMe and 2-NO 2 benzaldehyde (entry 2 and 4) gave the uncyclized benzyledene β-keto esters (9b and 9d) in addition to the cyclized product. Formation of the cyclized product 10d could be identified from the 1 H-NMR spectral data however, it could not be separated from the unidentified products formed. The four possible isomers formed in the reaction were not separated in our hands on purification by silica gel column chromatography. --Yield based on 55%, 40%, 40% and 60% starting material recovered from i, ii, iii and iv respectively.
Unlike the conventional Lewis acids, Yb(OTf) 3 is known to be active even in the presence of Lewis basic amines and nitrogen heterocycles. Barbituric acid, a nitrogen heterocycle with active methylene carbon, underwent facile reaction with aldehydes in the presence of Yb(OTf) 3 to give the condensation adducts in very high yield. Both, electron donating as well as electron withdrawing aldehydes gave products in high yield (entry 1-3, Table 5) . With yet another cyclic active methylene compound, Meldrums acid, the cyclization product was obtained in moderate yield.
Based on the above observations a tentative mechanism is proposed as given below. The reactivity pattern of aromatic aldehyde indicates that the Lewis acid catalyst forms a complex with the aldehyde group first, followed by which the nucleophilic attack by active methylene should take place on the aldehyde carbon.
In case of the β-keto ester and β-diketones, the enol form is expected to undergo condensation in the following manner.
In conclusion, we have established Yb(OTf) 3 (10 mol %) as an effective catalyst for Knoevenagel reaction of several less reactive carbonyl compounds such as β-keto esters, 1,3-diketo compound and cyclic active methylene compounds. The catalyst was also useful for the Nazarov cylization on ethyl benzoylacetate. For all the reactions no special care was taken to exclude moisture, no solvent was used and simple workup procedure was followed. The catalyst can be recovered and reused without much loss of activity. All these features make this method an attractive Lewis acid catalyst for Knoevenagel condensation as well as Nazarov cyclization of less reactive carbonyl compounds.
EXPERIMENTAL
All yields reported were based on isolated compounds. TLC separations were carried out on silica gel plates with UV indicator from Aldrich; visualization was by UV fluorescence or by staining with iodine vapor. IR spectra were recorded on a FT-IR Bruker Vector 22 Infrared spectrophotometer using KBr disks. NMR spectra were recorded on FT-NMR Bruker 400/200 MHz spectrometer as CDCl 3 solutions with TMS as internal reference.
General Experimental Procedure for the Synthesis of Substituted Alkenes
To a mixture of an aromatic aldehyde (5.0 mmol) and active methylene compound (5.5 mmol), Yb(OTf) 3 (0.5 mmol) was added and the resulting reaction mixture was heated at 80-85 °C in an oil bath for required time. The progress of the reaction was monitored by thin layer chromatography (TLC, silica gel, hexane: ethyl acetate, 8:2). After completion of the reaction, the reaction mixture was diluted by adding ethyl acetate (10 mL) and washed with water (2×5 mL) and brine solution (5 mL). The organic layer was dried (Na 2 SO 4 ) and concentrated under reduced pressure. The residue was purified by column chromatography (silica gel, hexane-EtOAc, 8.5:1.5) to afford the substituted olefin in very good yield. All the new products obtained were fully characterized by spectroscopic methods such as IR, H NMR values are given, compared with the spectral data already known, and a suitable reference is also mentioned.
2-(4-Methoxybenzylidene)malononitrile (3a)
The reaction was carried out according to the general experimental procedure using 4-methoxybenzaldehyde (250 mg, 1. 
2-(4-Methoxy-benzylidene)-malonic acid diethyl ester (3i)
The reaction was carried out according to the general procedure using 4-methoxy benzaldehyde (100 mg, 0.735 mmol), diethyl malonate (129 mg, 0.808 mmol) and Yb(OTf) 3 (52 mg, 0.074 mmol) conditions: 80-85 o C, 6 h. The title compound 3i was obtained (171 mg, 84%) as an oily mass. The spectral data of the compound 3i was in agreement with the values reported in the literature. .
